We fabricated the binary high-k ͑Hf x Zr 1−x O 2 ͒ nanocrystal memory using a very simple sol-gel spin coating method and 900°C 60 s rapid thermal annealing ͑RTA͒. From the transmission electron microscopy identification, the nanocrystals were formed as the monolayered charge trapping site after 900°C 60 s RTA and the size was ca. 5 nm. We verified the electrical properties in terms of program-erase speed, charge retention, and endurance. The sol-gel device exhibited the long charge retention time of 10 4 s with only 2.5% charge loss, and good endurance performance for program/erase cycles up to 10 5 . © 2007 The Electrochemical Society. ͓DOI: 10.1149/1.2433705͔ All rights reserved. Conventional flash memory devices use floating gate structure and charge is stored in polysilicon floating gate.
Conventional flash memory devices use floating gate structure and charge is stored in polysilicon floating gate. 1 But, when tunneling oxide is below 65 nm, floating gate structure faces scaling issues. 2 The storage charge leaks easily due to defects in the tunneling oxide formed by repeated program-erase cycles. So, discrete trap memory devices like polysilicon-oxide-nitride-silicon ͑SONOS͒ structure and nanocrystal memory are widely studied to replace floating gate structure for semiconductor memory application. [3] [4] [5] [6] [7] The charge trapping layer of traditional SONOS memory is silicon nitride ͑Si 3 N 4 ͒. High-k materials are considered as charge storage material to get faster programming speed and better charge retention performance. But, SONOS high-k memory has the electron migration problem in the charge trapping layer; 5 this will cause charge loss and degrade the charge retention performance. The nanocrystal memory can keep the charge trapped tightly to avoid the charge loss problem of SONOS memory and also achieve the advantages like fast program-erase speed, low programming voltage, and good endurance as SONOS memory. 8, 9 Recently, numerous technologies have been developed for the preparation of various high-k films. To prepare insulating thin films, atomic layer deposition ͑ALD͒, physical vapor deposition ͑PVD͒, and chemical vapor deposition ͑CVD͒ methods have all been used to prepare films for new technologies. [10] [11] [12] The sol-gel method is a very interesting simple technique for preparing the high-k dielectric films 13 or memory charge trapping films.
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The sol-gel method can provide colloidal solvents or precursor compounds when metal halides are hydrolyzed under controlled conditions in the beaker. In the sol-gel process, hydrolysis, condensation, and polymerization steps occur to form metal-oxide networks in the solution. The most interesting feature of sol-gel processing in the solution is its ability to synthesize new types of materials that are known as "inorganic-organic hybrids." 15 Film formation with spin coating is a simpler method than ALD, PVD, or CVD to deposit the sol-gel materials due to its cheaper precursor and tool. In addition, the film can be fabricated in the normal pressure system instead of high vacuum system. 16 In this paper, we used the sol-gel spin coating method to fabricate a SONOS-type flash memory device. We used the sol-gel method to combine two different high-k precursors, i.e., HfCl 4 and ZrCl 4 , together to form binary high-k ͑Hf x Zr 1−x O 2 ͒ nanocrystal memory. We performed transmission electron microscope ͑TEM͒ and electrical analyses, including I d -V g , retention, and programerase speed measurements, to evaluate the performance of the binary ͑Hf x Zr 1−x O 2 ͒ nanocrystals memory.
Experimental
The fabrication of sol-gel spin coating nanocrystals memory started with local oxidation of silicon ͑LOCOS͒ isolation process on p-type ͑100͒ 150 mm silicon substrate. At the beginning, a 4 nm tunneling oxide was thermally grown at 925°C by furnace. The charge trapping layer was prepared using a sol-gel spin coating method. HfCl 4 ͑99.5%, Aldrich, USA͒ and ZrCl 4 ͑99.5%, Aldrich, USA͒ were used as the precursors. Initially, we prepared a solution for which the molar ratio of HfCl 4 :ZrCl 4 :isopropanol is 1:1:1000. The charge trapping layer was deposited by spin coating at 3000 rpm for 60 s at ambient temperature ͑25°C͒. The spin-coater used was TEL Clean Track model MK8 ͑Japan͒. After spin coating, the wafer was under rapid thermal annealing ͑RTA͒ at 900°C for 60 s in O 2 ambient to form Hf x Zr 1−x O 2 nanocrystals. The RTA temperature 13 should range from 900-1050°C to meet the below source/drain ͑S/D͒ annealing condition. Hence, we chose 900°C due to the lower device damage and thermal budget. 13, 14 The blocking oxide 30 nm was deposited by high density plasma chemical vapor deposition ͑HDPCVD͒ tetraethyl orthosilicae ͑TEOS͒ followed by poly-Si gate 200 nm deposition. Finally, gate patterning, S/D implant, and the rest of the subsequent complementary metal oxide semiconductor ͑CMOS͒ processes were used to fabricate this nanocrystal memory. A self-aligned implantation was used to perform the n + S/D extension with the As + dosage of 5 ϫ 10 15 cm −2 at the en-ergy of 20 keV. The channel length of the memory device was 0.35 m. The process flow and the structure of the sol-gel SONOStype memory are depicted in Fig. 1 and 2 , respectively.
Results and Discussion
The high-resolution transmission electron microscopy ͑HRTEM͒ image in Fig. 3 depicts the nanocrystals on SiO 2 film after annealing at 900°C for 60 s. The average nanocrystal size is around 5 nm. Tang et al. 15 have studied the detailed synthesis of Hf x Zr 1−x O 2 nanocrystals at various conditions in the solution. They suggest the molar fraction of Hf or Zr in the nanocrystal from ϳ330°C reaction is quite complex and cannot be determined. Similarly, the binary nanocrystal is formed in our SONOS-type memory after 900°C annealing, and the molar fraction of Hf or Zr is still unknown due to the unavailability of analytical tools. Fig. 6 , and the same explanation can be applied on the Vth shift as gate voltage becomes more negative. Using CHE to program and BTBHH to erase yields high programerase efficiency. The charge retention characteristic of the sol-gel Hf x Zr 1−x O 2 nanocrystal memory is demonstrated in Fig. 7 . The normalized Vth shift is defined as the ratio of the Vth shift at the time of interest and at the beginning. Using this as an indicator, we can see the charge loss for the nanocrystal memory. The curve is obtained in 
Conclusions
In this paper, we used a sol-gel spin coating method to form nanocrystals as the charge trapping site of SONOS memory. The TEM analysis indicates the formation of ϳ5 nm Hf x Zr 1−x O 2 nanocrystals. We have verified the device performance with the P/E speed, charge retention, and endurance. The quality of the nanocrystals formed by the sol-gel spin coating method and RTA treatment exhibits better properties in terms of fast P/E speed, long charge retention time, and good endurance with no memory window narrowing. 
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